We report here on the radiogenic isotope characteristics of peridotites from one ophiolite locale, Stonyford, in the Coast Range ophiolite (CRO) of California, spanning the entire observed range of upper mantle peridotites from both abyssal and subduction-zone settings. Based on the Sr-Nd-Pb-Hf isotopic compositions and estimated equilibration temperatures, we suggest that the abyssal peridotite block represents a remnant of large-offset transform oceanic lithosphere at >172 Ma. East-dipping, proto-Franciscan subduction is likely to have been initiated along this fault zone during a plate reorganization event, which produced the supra-subduction zone (SSZ) peridotites in the CRO. We propose that the remnant abyssal peridotites represent a snapshot of the mantle wedge composition prior to overprinting of large sectors by hydrous melting during the subsequent subduction-controlled SSZ processes.
INTRODUCTION
The origin of oceanic crust by partial melting of upper mantle peridotites is the single most voluminous magmatic process on Earth. This melting typically occurs beneath a midoceanic-ridge spreading center or in the mantle wedge above a subduction zone. The effect of this melting on the refractory peridotite varies , however, depending on whether water is present to lower the solidus and enhance the extent of melting. Abyssal peridotites associated with mid-oceanic-ridge systems melt under essentially dry conditions and form relatively small melt fractions (~5% to 15% melt) in equilibrium with refractory residues still capable of melting to produce additional basalt (e.g., Johnson et al., 1990) . In contrast, peridotites in the mantle wedge above subduction zones melt under hydrous conditions and form relatively large melt fractions (>20% melt) in equilibrium with strongly depleted refractory residues (e.g., Parkinson and Pearce, 1998) .
Abyssal and supra-subduction zone (SSZ) peridotites are not spatially associated normally, although forearc regions may occasionally contain both (Parkinson and Pearce, 1998; Pearce et al., 2000) . We report here on peridotites from one ophiolite locale (Stonyford) in the Coast Range ophiolite (CRO) of California that have mode and mineral chemistries spanning the entire observed range of upper mantle peridotites from both abyssal and SSZ settings. Recent work on the CRO suggests its formation, in large part, by extension above an east-dipping, proto-Franciscan subduction zone, modifi ed in part by subsequent ridge-trench inter actions (Shervais and Kimbrough, 1985; Stern and Bloomer, 1992; Evarts et al., 1999; Shervais et al., 2004 Shervais et al., , 2005a ; but also see Hopson et al., 2008 , for an alternative interpretation). In order to understand the processes leading to the spatial association between abyssal and SSZ perido tites in outcrops less than 15 km apart, we determined the Sr-Nd-Pb-Hf isotopic compositions of clinopyroxene separates from selected peridotites. We suggest that the abyssal peridotite block represents a remnant of large-offset transform oceanic lithosphere trapped above a subduction zone, representing a snapshot of the mantle wedge composition prior to overprinting by hydrous melting.
GEOLOGICAL SETTING
The CRO forms a discontinuous outcrop belt over 700 km long, from Point Sal in the south to Elder Creek in the north (e.g., Hopson et al., 2008) . Radiometric dates defi ne a narrow range of formation ages, between 172 Ma and 161 Ma, although some remnants preserve ages as young as 145 Ma associated with continued calc-alkaline volcanism (Shervais et al., 2005a; Hopson et al., 2008) . In the area surrounding Stonyford, the ophiolite consists of several kilometer-scale blocks of volcanic rocks (the Stonyford volcanic complex; Shervais et al., 2005b) underlain and partially enclosed by serpentinite matrix mélange and kilometer-scale blocks of unsheared peridotite (Hopson and Pessagno, 2005) . Unsheared peridotite was sampled from three areas: Black Diamond Ridge, Hyphus Creek, and Little Stony Creek (Fig. 1) . The northernmost samples from Black Diamond Ridge are located ~15 km north of the southernmost samples from Little Stony Creek. Spinel lherzolite is the dominant lithology at Black Diamond Ridge; in contrast, clinopyroxene-poor harzburgite dominates the other locales, with minor dunite. All of the peridotites are partially serpentinized, and none contains plagioclase, recog nizable relicts of former plagioclase, or plagioclase alteration products. Choi et al. (2008a) document three peridotite groups within the CRO, based on spinel and pyroxene mineral chemistry: Group A lherzolites contain spinel with low Cr#s (11-27) and pyroxene with relatively high Al 2 O 3 , Na 2 O, TiO 2 , and Lu; group B peridotites (harzburgite plus minor lherzolite) contain intermediate-Cr# spinel (35-60) and pyroxene with very low Al 2 O 3 , Na 2 O, TiO 2 , and Lu; and group C peridotites (harzburgite plus minor dunite) contain high-Cr# spinel (>60) and pyroxene with very low Al 2 O 3 , Na 2 O, and TiO 2 . Group A lherzolites are restricted to Black Diamond Ridge, whereas group B and group C peridotites are both present in the Hyphus Creek-Little Stony Creek area. The group A lherzolite spinels plot at the undepleted end of the abyssal peridotite array of Dick and Bullen (1984) . The group C peridotite spinels plot within the array of strongly depleted SSZ peridotites, while the group B peridotites plot in the overlap between these two suites. The extremely low Al 2 O 3 , Na 2 O, TiO 2 , and Lu, and high Mg#s and Cr#s of the group B peridotite pyroxenes, show that these are related to the refractory SSZ suite and are not abyssal peridotites despite the ambiguity of their spinel compositions (Choi et al., 2008a) .
RESULTS
Sr, Nd, and Pb isotopic analyses, including chemical separation and measurements on a VG Sector thermal ionization mass spectrometer, were performed at the University of Michigan. Hf isotopic compositions were determined using a multiple-collector inductively coupled plasma-mass spectrometer (ICP-MS) (Nu-Plasma HR), also at the University of Michigan, after column separation procedures that may be found in the GSA Data Repository.
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These measurements were performed on ultrapure clinopyroxene separates in order to avoid the effects of serpentinization and weathering. Typical samples weighed ~100 mg.
Isotopic compositions were obtained for three group A lherzolites (05SFV-14-2, 05SFV-307, 05SFV-308), covering the entire mineral compositional range of the abyssal group. Relatively high trace element concentrations in the group A clinopyroxenes (Sr = 3-6 ppm; Nd = 0.4-2.1 ppm; Pb = 0.5-0.7 ppm; Hf = 0.1-0.5 ppm; Table DR1) indicate that these are still fertile, consistent with their mineral chemistry (Choi et al., 2008a (Table DR1) . Isotopic data for group B and C harzburgites are more limited: Nd and Hf isotopic compositions could not be measured because these elements are below detection limits. However, Sr and Pb are above detection (Sr = 0.6 ppm; Pb = 0.3 ppm; Table DR1 ), and well-constrained Sr and Pb isotopic ratios were determined for group B harzburgite sample 05SFV-300 as follows: (Table DR1) .
DISCUSSION

Remnants of Oceanic Lithospheric Mantle
The Stonyford volcanic complex (SFVC) comprises three distinct volcanic rock suites of Jurassic age (ca. 164 Ma): oceanic tholeiite (OT), alkali basalt (AB), and high-Al/low-Ti (HALT) suites (Shervais et al., 2005b) . The OT suite is characterized by mid-oceanic-ridge basalt (MORB)-like trace element abundance patterns. The AB suite is characterized by strongly enriched incompatible trace element concentrations similar to oceanic-island basalts. In contrast, the HALT suite is characterized by primitive to depleted incompatible trace element concentrations and arc-like geochemical abundance patterns. Based on the intercalation of the HALT suite with the OT and AB suites, Shervais et al. (2005b) argued that collision of an active spreading center with a subduction zone allowed mechanical mixing of a hetero geneous MORBmantle source into the previously depleted supra-subduction mantle wedge, with this composite mantle subsequently producing the three distinct suites of volcanic rocks.
Covariations of the Sr-Nd, Nd-Hf, and Pb-Pb isotopic composition pairs (both measured and decay-corrected values at 164 Ma) for Stonyford peridotite clinopyroxenes are shown graphically in Figures 2A-2D . The fi elds for Pacifi c MORB and volcanic rocks from the Stonyford volcanic complex-corrected for 164 m.y. of radiogenic growth-are also shown in the plots for comparison. The Nd and Hf isotopic compositions for the group A lherzolite (05SFV-308) are more depleted than the reported modern or calculated Jurassic Pacifi c MORB mantle source ( Figs. 2A and 2B) . We have verifi ed this by analyzing Nd for these samples in duplicate to assess reproducibility, which evidently is quite good (Table DR1) . A number of studies have demonstrated that the Lu-Hf system is not as easily reset as the Sm-Nd system by some younger metasomatic and metamorphic events (e.g., Choi et al., 2008b) . Sample 05SFV-308 displays strong coupling between Nd and Hf isotopic compositions as it plots along the Nd-Hf "mantle array" in Figure 2B . This relationship rules out the possibility of perturbation in the Nd isotopes by secondary metasomatic overprinting. These observations suggest that 1 GSA Data Repository item 2008145, Table DR1 , with details of analytical procedures, is available online at www.geosociety.org/pubs/ft2008.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. Fig. 2A) . We interpret this characteristic to record second-stage overprinting at ca. 164 Ma, and consider the alkali basaltic melt to be the most likely candidate for the meta somatic agent. The most depleted portions of the lithosphere are more susceptible to modifi cation by the metasomatic agent due to their lower bulk distribution coeffi cients and/or higher permeability (e.g., Choi et al., 2008b) . In Figure 2A , we show a calculated mixing line between a hypothetical residual peridotite composition (HRP: Sr = 2 ppm; Nd = 2 ppm; (Shervais et al., 2005b) . The group A lherzolites plot reasonably close to the mixing hyperbola on the Sr-Nd covariation diagram, which supports the interpretation that the Jurassic lithosphere was modifi ed in part by ridge-trench interactions.
The group A lherzolites, within the analytical uncertainties, plot in the Pacifi c MORB fi eld on the Pb-Pb covariation diagrams, which is similar to what is observed in the OT and AB suites (Figs. 2C and 2D ). On the other hand, the group B harzburgite exhibits elevated Pb compared to the other suites (Figs. 2C and 2D) , and supports derivation of the HALT magmas from subductionmodifi ed mantle (Shervais et al., 2005b) .
Large-Offset Transform Peridotites
Abyssal peridotites from ridge segments infl uenced by a hotspot are generally more depleted, in terms of both chemistry and mineralogy, than those from ridge segments that produce N-MORB only (e.g., Johnson et al., 1990) . In the case of oceanic spreading centers unaffected thermally by hotspots, the extent of melting is correlated with spreading rate, such that fast spreading rates are associated with elevated extents of melting (e.g., Hellebrand et al., 2002a) . Another geodynamic control on the degree of melting, superimposed on the spreading rate effect, is proximity to transform offsets. The comparatively cold thermal regime proximal to transform faults is likely to induce mantle upwelling to stop at deeper levels, resulting in smaller degrees of melting relative to the nearby segment centers (Niu and Batiza, 1994; Ghose et al., 1996) . Nearly undepleted lherzolites, indicating a very low degree of melting, are generally prevalent in the large-offset transform setting (Bonatti et al., 1993) . Figure 3 shows the Cr# of spinel (indicator of extent of mantle melting) as a function of estimated equilibration temperature using the Wells (1977) two-pyroxene thermometer. Data for the Stonyford peridotites (lherzolites plus harz burgites) are compared to published data for abyssal peridotites with variable geodynamic controls on melting, including the AmericanAntarctic Ridge, Indian Ridge, Mid-Atlantic Ridge, and East Pacifi c Rise (Hamlyn and Bonatti, 1980; Shibata and Thompson, 1986; Dick, 1989; Johnson et al., 1990; Edwards et al., 1996; Hellebrand et al., 2002b) . We show separately fi elds for peridotites from three largeoffset transforms: Romanche (~950 km offset) and Vema (~310 km offset) fracture zones in the Mid-Atlantic Ridge, and Owen fracture zone (~300 km offset) on the western Indian Ridge.
Large-offset transform peridotites extend to smaller degrees of partial melting (lower Cr# in spinels) and have lower equilibration temperatures than other peridotites (Fig. 3) . Note that the group A lherzolites from Black Diamond Ridge, which underwent exceptionally low degrees of partial melting and equilibrated at a relatively low temperature, indeed plot at the lowest end of the fi elds for the large-offset transform peridotites. Equilibration temperatures for the strongly depleted peridotites of Hyphus Creek and Little Stony Creek are low relative to those of the abyssal peridotites (Fig. 3) , consistent with slow subsolidus cooling in the mantle wedge.
It has been proposed that new subduction zones may form along pre-existing zones of litho spheric weakness, such as transform faults and fracture zones (e.g., Stern and Bloomer, 1992) . We suggest that the Black Diamond Ridge abyssal lherzolite block represents a remnant of large-offset transform oceanic litho sphere and that the east-dipping, protoFranciscan subduction may have been initiated along this transform. This is consistent with earlier proposals by Saleeby (1983) , Shervais and Kimbrough (1987) , and Hopson and Pessagno (2005) that the sheared serpentinite mélange belt containing these massive peridotite blocks originally formed as a large-offset transform prior to initiation of Franciscan subduction, though all of these authors differ on the geo dynamic signifi cance of this feature. Since subduction was essentially continuous along the Cordilleran margin during the Mesozoic, as shown by the continuity of arc volcanism, initiation of the Franciscan subduction zone must represent a plate reorganization that reconfi gured subduction boundaries without halting the subduction process itself.
CONCLUSIONS
The data presented here show that peridotites from the Stonyford volcanic complex in the CRO have isotopic compositions characteristic of sources for either mid-oceanic-ridge basalt (abyssal peridotites) or magmas enriched by subduction zone processes (SSZ peridotites). The isotopic correlation of these peridotites with lavas of the Stonyford volcanic complex implies that these peridotites have been spatially linked to their overlying crust since at least 164 Ma (age of the Stonyford volcanic complex). The low pyroxene equilibration temperatures are consistent with peridotites associated with large-offset fracture zones. We propose that Franciscan subduction initiated along such a large-offset fracture zone, trapping abyssal peridotites in the upper plate. Subsequent subduction modifi cation of the trapped peridotites resulted in further melt depletion and fl uid enrichment to form the SSZ peridotite suite. The concentrations of Rb, Sr, Sm, Nd, U, Pb, Lu and Hf were determined by the isotope dilution technique.
Numbers in parentheses are 2σ uncertainties in terms of the least unit cited.
Abbreviations: cpx = clinopyroxene, Sp.Lz. = spinel lherzolite, Sp.Hz. = spinel harzburgite. b.d. = below detection limit; n.d. = not determined
